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Abstract. 
We report that during the two devastating 1999 earth- 
quakes in Turkey, rupture propagated over a large part 
of the nearly 200km long fault zone at supershear speed 
approaching 5km/s. We present observations and mod- 
eling which confirm the original inference of supers- 
hear rupture during the Izmit earthquake and we show 
that supershear upture also occurred during the Diizce 
earthquake. We show that the rupture velocity mea- 
sured - about v/• times the shear wave velocity - is the 
value predicted by theoretical studies in fracture dy- 
namics. We look for clues to explain these observations. 
Introduction 
Classical work in fracture dynamics has shown that 
the Rayleigh wave speed of the material is the limiting 
speed of propagation for mode I (tensile) cracks and it 
had long been assumed to be the case for mode II (in- 
plane shear) cracks as well. A little over two decades 
ago, however, Burridge [1973], Andrews [1976], and Das 
and Aki [1977] showed that shear cracks can either prop- 
agate a.t sub-Rayleigh velocity (V < Vft) or at intersonic 
velocity (Vs < V < Vp) depending on the cohesive 
strength of the fault. Subsequent studies in fracture 
dynamics have confirmed these findings but have shown 
that crack propagation at most of the intersonic veloc- 
ities is unstable [Freund, 1979; Burridge et al., 1979]. 
Rupture velocities have been determined for several 
earthquakes and, when well resolved, they are all sub- 
Rayleigh with the exception of the 1979 Imperial Val- 
ley earthquake in California, for which Archuleta [1984] 
showed strong indications that rupture propagated at 
supershear velocity over part of the fault. Archuleta's 
results are also supported by observations made by 
dich and Cranswick [1984]. Recent studies suggest that 
during the 1992 Landers earthquake, rupture locally ex- 
ceeded the shear wave velocity over fault patches a few 
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kilometers across, but rupture velocity over such limited 
distance ranges is poorly resolved. 
The Izmit earthquake 
Figure l a shows the horizontal ground acceleration 
recorded at two sites near the fault during the Izmit 
earthquake. One station (ARC), located about 55km 
west of the hypocenter (Figure lc), was operated by 
BSgaziqi University while the other (SKR), situated 
about 40km east of the hypocenter, was set up by the 
Turkish General Directorate of Disaster Affairs. The 
fault which ruptured during the earthquake is vertically 
dipping and extends from the earth surface down to a 
depth of about 20 km [ToksSz etal., 1999; (•zalaybey 
et al., 2001]. It is nearly 150km long and trends almost 
E-W. During the earthquake, the northern side of the 
fault. moved eastward relatively to the southern side by 
an average amount of about 3 m [Barka et al., 1999]. 
Although ARC is located a little further away than 
SKR, the roughly symmetric location of the two sta- 
tions with respect to the epicenter and to the fault and 
the similarity of slip amplitudes to the east and west of 
the epicenter lead us to expect comparable E-W ground 
motion at the two sites. As shown in Figure l a, how- 
ever, the records display strikingly different time his- 
tories. To the west, the P and S wave trains can be 
clearly identified. To the east, the two wave trains seem 
mixed together and the strong shaking closely follows 
the first P arrival. This is even more apparent on the 
ground velocity traces displayed in Figure lb. While 
the ground motion slowly increases for several seconds 
following the first P arrival at ARC, motion at SKR be- 
comes suddenly very large only 1.8s after the P arrival. 
As most of the seismic energy released in earthquakes 
is radiated in the form of shear waves, these records 
imply that, while rupture propagated westward at the 
"classical" sub-Rayleigh velocity, allowing for the clear 
separation of P and S waves, it propagated eastward 
at supershear speed, producing shear arrivals at SKR 
much before their arrival from the hypocenter. 
To further support this interpretation, we compare 
in Figure ld the main shock accelerations at SKR with 
those of the largest aftershock (M = 6.2), located only 
a few kilometers away from the main shock focus. For 
the aftershock the strong shaking begins at the expected 
arrival time of the S waves from the hypocenter (Sh) 
while for the main shock it starts several seconds earlier. 
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Figure 1. (A) Comparison of the E-W accelerations 
recorded at two sites during the Izmit earthquake. 
Traces start at the inferred earthquake origin time. P 
arrivals are indicated. Values show peak accelerations. 
(B) Same as above for the velocity. (C) Map show- 
ing the epicenter (large star), the surface breaks (solid 
line), the recording sites (triangles), and the aftershock 
(small star) whose records are shown below. (D) Com- 
parison of the main shock records at SKR with those 
of the strongest aftershock (September 13). The traces 
start 0.2s before the P arrival. Sh shows the expected 
arrival time for S waves coming from the hypocenters. 
The rupture velocity can be directly inferred from 
the S-P time on the SKR records (1.8s). As shown by 
Ellsworth and •elebi [1999] and Bouchon et al. [2000], 
this yields an apparent velocity of 4.7km/s. As the sta- 
tion is located a few kilometers from the fault, what it 
really sees, however, is the passage of the conical shock 
wave front. Thus, by the time the wave front reaches 
the station, rupture has already passed by it. Correct- 
ing for this yields a rupture velocity of 4.8 to 4.9km/s. 
The inversion of the full records gives a value of about 
4.7 to 4.8km/s. This rupture speed explains remarkably 
well the SKR records (Figure 2). Records at. ARC, on 
the other hand, are best explained by a rupture propa- 
gating westward at 3krn/s [Bouchon et al., 2000]. 
A unique feature of intersonic crack growth is that 
the stress singularity at the crack tip is not the classical 
square root singularity, as it. is for sub-Rayleigh speed, 
except for a specific value of the rupture speed:v•Vs. 
The specificity of this intersonic velocity was originally 
showed by Eshelby [1949] for a moving glide disloca- 
tion and has been confirmed for shear cracks by sub- 
sequent investigations [Freund, 1979; Burridge et al., 
1979]. The nature of the stress discontinuity at the 
crack tip is directly related to the energy release rate 
supplied by the elastic field for crack growth. Freund 
[1979] has shown that the stable growth of shear cracks 
at intersonic speed is only possible at v/•Vs, because 
the energy flux into the crack tip, which provides the 
fracture energy to advance the rupture, is zero at all the 
other intersonic velocities. This result. has been recently 
confirmed by tIuang et al. [1999] and Gao et al. [1999]. 
Until a little over a year ago, however, no experi- 
mental confirmation of supershear upture had been re- 
ported in the scientific or engineering literature. The 
first successful experiment was made recently by Rosakis 
et al. [1.999, 2000] who observed the intersonic propa- 
gation of a. shear crack. The rupture velocity they mea- 
Sured is about x/•Vs. In the present case of the Izmit 
earthquake, the velocity inferred (about 4.8km/s)cor- 
responds to the one predicted for stable crack growth. 
Recent numerical simulations by Andrews and Ben- 
Zion [19971, Rice [19971, Harris and Day [1997], Ben- 
Zion a•.d A •.drews [1998], and Cochard and Rice [2000], 
suggest hat shear rupture is facilitated when the two 
sides of the fault have different elastic properties. In 
this case, the normal stress near the crack tip may be 
reduced due to the non-symmetry of the stress field. 
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Figure 2. (A) Comparison of the ground velocity 
recorded at SKR with the one calculated for the rup- 
ture model which best fits the strong motion records. 
In this model, rupture propagates eastward at about 
4.7 to 4.8km/s for nearly 50km. Traces start at the ori- 
gin time of the earthquake. Peak recorded velocity is 
indicated. (B) Same as above for the displacement. 
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Figure 3. (Top) P wave train at SKR. The upper trace 
i 
8.25 
is a zoom of the record of Figure lb. The lower trace is ß 
the corresponding vertical velocity. Arrival times of P 
and S waves are indicated. (Bottom) Map showing the 
epicenter (star), the fault (solid line), and the station 
(triangle). The arrows indicate the directions of motion 
of the two sides of the fault. The dotted line illustrates 
the path followed by P waves traveling from the central 
segment of the fault to the station. 
shows that the station moved westward and downward 
for the whole duration of the wave train. As seen at the 
bottom of the figure, this is not, what is expected at this 
location. The station should have moved eastward and 
up. During the first 1.8s of rupture, the station saw the 
rupture as if it were located on the southern side of the 
fault. The likely and simple explanation for this is that 
rocks to the south of the fault have higher velocity than 
rocks to the north, so that P waves arrive at, the station 
after having traveled along the south side of the fault, 
as schematically shown. According to the above stud- 
ies, the presence of lower velocity material to the north 
of the fault and the fact that this side was sliding east- 
ward, would have facilitated the eastward propagation 
of the rupture. This may explain why rupture propa- 
gated at supershear speed eastward while it propagated 
westward at sub-Rayleigh velocity. 
As seen in the field and on the Spot images [Michel 
and Avo•mc, 2001], the segment over which rupture 
propagated at supershear speed makes a remarkably lin- 
ear scar, often no more than a meter wide. The simple 
planar morphology of the fault that this implies may 
have contributed to it. The two may indeed be related, 
supershear speed during previous earthquakes on this 
segment may have led to its simple morphology. In 
contrast, west of the epicenter the rupture enters the 
more complex faulting system of the Marmara Sea. 
This, however, will only occur when rupture propagates 
in the direction in which the more compliant medium 
is moving. These findings may be relevant. here. Figure 
3 is an enlarged picture of the P wave train at SKR. It 
The D•zce earthquake 
The Diizce earthquake extended three months later 
the rupture zone of the Izmit earthquake 40kin east- 
ward. The fault still trends nearly E-W but dips to 
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Figure 4. (Top) Ground motion recorded uring the Diizce earthquake at two stations located •rea. r ½he two 
extremities of the fault. The time origin corresponds to the first arrival at the station. Vertical lines are dra.wn at 
the observed arrival times of P and S waves. Sh denotes the expected arrival time of S waves from the hypocenter. 
Values indicate peak amplitudes. The vertical acceleration at Bolu is amplified to clearly show the P onset and 
is not displayed beyond 4s to prevent it to overlay the horizontal acceleration trace. (Bottom) Map sh, owJ. ng the 
epicenter (star), the surface rupture (solid line), and the strong motion stations (triangles). 
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the north at about 650 [dizalaybey et al., 2000] (Figure 
4). During the earthquake, the northern side moved 
eastward, relatively to the southern side, by about 4m. 
The ground motion was recorded at two stations lo- 
cated near the extremities of the fault. At GSlyaka to 
the west (Figure 4), a station that we installed a few 
hours before the earthquake, S waves arrive 3.35s af- 
ter the first P waves. This delay corresponds exactly 
to the S-P time expected for waves coming from the 
hypocenter. On the other hand, at Bo!u to the east, S 
waves arrive 3.95s after the first P waves. The expected 
S-P time there, however, is 5.25s. Thus, these records 
show direct evidence that rupture again propagated at 
supershear speed during the Diizce earthquake. 
What that speed was is more difficult to infer than 
for Izmit because the station is located beyond the fault 
termination and it seems likely that rupture decelerated 
before stopping. What can be inferred is the average 
rupture velocity between the hypocenter and the east- 
ern edge of the surface breaks: about 4.3km/s. West- 
ward, the modeling indicates a velocity of about 3km/s. 
Thus, in the Diizce earthquake again, eastward rup- 
ture was supershear (on at least a large part of the fault) 
while westward rupture was sub-Rayleigh. As the fault 
has played in the past (and partly during the earth- 
quake) as a normal fault [Armijo et al., 2000], rocks 
to the north have a shallower origin than rocks to the 
south, thus likely creating a material contrast with the 
lower velocity medium to the north. Like in Izmit, this 
may have contributed to the supershear eastward rup- 
ture. 
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